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This thesis is part of an investigation to determine the 
!feasibil ity of using ozonation to control cxlors from the Fairmont 
water supply . The primary source·of water for Fairmont is 
Budd Lake . Cdors develop in this lake water from the decomposition 
of organic matter such as algae and vegetation. 
Ozone was applied to the water at dosages of approximately 
0 .5, 1, 2, 4 ,  8, 12, 16 , 20 and 24 mg/1 at contact times of 2.5 ,  5 ,  
20 and 30 minutes using a continuous-flow ozonation pilot sys-
tern . Odor intensities of these waters were then measured in terms 
of Threshold Odor Numbers . The results indicated that ozone dosages 
from 1 .5 to 4 �/1 at contact tines of at least 30 minute� achieved 
sui table results under roost conditions. Dosages up to 8 rrg/1 were 
required in a few instances .  These investigations have been 
described in detail by Munce ( 19 )  • 
The primary objectives of the investigations descr ibed in 
this thesis are as follows . 
I. To determine the effect of ozonation, at the recomnended 
operating conditions for odor control , on the floccula-
tion efficiency, chlorine demand, content of organic 
matter and potential for the formation of 
trihalamethanes of the water.  
2. To determine if any cor relation exists between the 






of the water . A high correlation would allow the 
relatively inexpensive absorbance analysis to be used 
instead of the relatively expensive trihalamethane 
analysis to estimate the trihalamethane content of the 
water . 
3 .  Tb dete�ine the estimated construction and operating 
costs of ozonation facil ities for odor control in 
Fairmont . 
3 
Since ozone was first installed in 1906 in Nice, France for 
disinfection, it has been continuously used in the treatment of 
dr inking water . Although many plants worldwide still use ozone for 
disinfection, most modern plants today rely on its oxidation 
capab il ities . Uses of ozone now include oxidation of inorganic aoo 
organic materials, flocculation and microflocculation for removal of 
turbidity or suspended sol ids, and recently for the promotion of 
aerobic biological processes in filter and adsorption media ( 28) . 
Its pr imary use in all countr ies· today is for the control· of tastes 
and odors in dr inking water (38 ) . A more comprehensive review of 
the history of ozonation has been provided by several 
authors (41 ) (21) (4 ) (19 ) . 
Ozone is a triatomic allotro� of oxygen (23). It is 
produced when oxygen or air is passed through an electric discharge 
or exposed to certain wavelengths of radiation in the ultraviolet 
range . Some of the oxygen is polymerized and ozone is produced fol­
lowing the reaction (21) (30) : 
302 + 203 ( 1) 
LI'IBRA'lURE RE.VIE.W 
Background 
History of Ozonation in water Treatment 
Physical and Chemical Characteristics 
4 
Ozone is the secorrl rost powerful oxidant encountered in 
water treatment practice .  Du e  to its unstable nature ozone cannot 
. be bottled or stored (23 )  (30) . It must be generated on-site for 
delivery to the tx>int of appl ication. More details on the charac­
teristics of ozone are provided py various authors ( 41 )  (21)  (23)  (30 ) . 
Listed in Table 1 are the major advantages and disadvantages 
of ozone . Ozone is considered a viable alternative to chlorine in 
European water treatment practices . Ozone can also be used to ac­
compl ish many different water treatment objectives depending on 
where and how it is used in a treatment scheme . 
Several authors have noted that ozonatioo often enhances the 
coagulation process (28 )  (41 ) (21) (30)  (32)  (25)  (35) (26 ) . Oxidation of 
the organic matter in water will upset colloidal equilbrium and in­
crease flocculation efficiency ( 21 )  • Ozone, by virtue of its 
oxidizing power, changes the nature or extent of the surface charg­
es, thus allowing the charged particles to agglomerate and be more 
readily removed in the sedimentation process (28)  (41 )  (21) {30)  (43 ) . 
Ozonation also enhances flocculation by rnicroflocculation . 
Microflocculation occurs when ozone oxidizes dissolved organic 
materials (28)  {38)  (41 ) (30) . Simpler organic compounds are fomed 
Advaotages and Piriadvaotagea 
arone Am>l icatJoos 
Effects on C-Oagulation 
5 
Table 1 .  Ozone Advantages and Disadvantages in 
Water Treatment (28 )  (21) (30) 
Advantages 
Reduces taste, color and odor 
Powerful �idant 
Unsurpassed for destroying 
bacteria ,  viruses, pathogens, 
and spores 
Action not greatly altered 
by pH variations between 5 . 0  
and 8 .0 units 
Reduces the potential for 
formation of chlor inated 
products 
Reduces chlorine demand 
Improves precipitation of 
i ron and manganese 
Improves coagulation, filtra­
tion and earbon adsorption 
processes 
Easily detected by human nose 
before reaching toxic levels 
Disadvantages 
NonseleGti ve OXidant 
Leaves no residual in distribu­
tion system 
Temperature is important factor 
in rate of reaction and de­
composition 
Ozone demand of water nust be 
met before efficient disinfec­
tion occurs 
cannot be stored, must be 
generated on site 
Appl ication is often inefficient 
Higher capital costs than 
chlorination 
Ozonation is less flexible than 
chlorine in adj usting for flow 
rate and water quality variation 
6 
which are oore polarized than a re the non-ozonized compounds 
( 28 )  (30)  • These polar compounds a re capable of hydrogen borrling, 
- which can increase thei r IOOlecular weight (28 )  (41 )  (27 ) . At the same 
time, ozone often liberates i ron and manganese from organic co� 
plexes. This leads to the formation of a fragile floc and an in­
crease in turbidity ( 27 ) . The flocculation process can be enhanced 
by the addition of a coagulant such as alum. Through this action, 
ozone can increase the ranoval efficiency of dissolved organics and 
decrease the amount of coagulant required (30)  (35) (27 )  (26 ) . 
Ozone has been shown to be effective in reducing the 
chlorine demand in drinking water supplies (28 )  (38) (30) (43) . Ozone 
reduces the chlorine demand by either oxidiz ing any organic matter 
to carbon dioxide and water, or by reacting with the same organic 
molecules-that chlorine reacts with adding oxygen to the sites that 
might otherwise receive chlor ide ions ( 30)  (43 ) . 
Reductions in chlor ine demand of 25 to 35 t:ercent and 
chlorine dose were consistently achieved following an average ap­
plication of 1 .3 ng/1 ozone for taste and odor control at Monroe , 
Michigan (28)  (16)  • Reductions in chlor ine demand of 10 _to 75 per­
cent have been reported in the l iterature (28) (38) (30) (43 )  (16) • 
A reduction in chlorine derncind often decreases the amount of 
chlor ine residual that is required in the distribution system 
( 28)  (30) (43 )  (16) . Chlorine residuals following ozonation a re stable 
Reduction of Chlorine Demand 
7 
throughout the process stream because ozone satisfies the immediate 
oxidant demarxl in the water that is entering the plant ( 16) • 
· Several authors have reported that after ozonation very little 
chlorine is required to provide a stable residual in the distribu­
tion �stem ( 38) (30) (43 ) . 
�one is a very powerful bactericide and viricide 
( 28 )  (41)  (30 )  ( 16) . Expe r ience acquired from ozone plant O:feration 
and laboratory experimentation points out that ozone provides faster 
and more complete disinfection than chlor ine (28) ( 41 )  (30) . Many 
authors have reported the outstanding disinfection capabilities of 
ozone ( 28)  (38) (41) (30) ( 16) • 
Ozone is capable of reducing the amount of organic matter in 
water by complete oxidation to carbon dioxide am water,  or by en­
hancing the organics removal efficiency of unit processes, such as 
coagulation, settling, and filtration (28)  ( 41) (21) (30) (35) (43 ) . 
Organic material is generally not oxidized completely in municipal 
water treatment due to the low dissolved ozone concentrations 
used ( 30)  (32) (43 ) . In most instances, the oxidation products a re 
IOOlecules that are smaller in size �d contain 100re oxygen atans 
than did the or iginal compounds ( 29)  ( 14 ) . 
Disinfection 
Reduction of organics 
8 
When dissolved ozone concentrations are low, the kinetics of 
the organic oxidation reactions limit the abil ity of ozone to reduce 
total organic carbon (TOC) {38 )  {30) (32 ) (43 ) (29 ) {1) . Although it is 
generally accepted that low dissolved ozone concentrations will not 
reduce TOC, there are studies that have been completed which indi­
cate otherwise . Chrostowski (2 ) and Cromley ( 3) found that even at 
low dissolved ozone concentrations, the TOC of a water is lowered . 
Increased attention has been given to the problem of 
chlorinated organics in drinking water the past several years .  The 
grow ing concern over these contaminants results from evidence that 
some have carcinogenic properties (38)  (30 )  {26 ) {14 ) . Trihalomethanes 
('IHMs) are the chlor inated forms most often observed, arrl chloroform 
is the most prevelent of the THMS (38) . The United States 
Environmental Protection Agency ( USEPA) has established a maximum 
level of 100 ug/1 for the total THM concentration in water emanating 
from a consumer•s tap (38)  (30 ) (1) ( 14 )  (6 ) . 
THMs and other chlorinated organics are usually not formed 
unless chlorine is util ized in the water treatment process {27) . 
Whenever natural waters or humic substances are chlorinated, sig­
nificant am:>unts of THMs are produced ( 26 ) . In general , the reac­
tion to produce THMs is ( 14 ) : 
Chlorine + Precursors + Chloroform + Other THMs (2)  
Prevention of TrihalomethgDe Formation 
9 
There has been much research on solutions to the THM dilem­
ma .  There are currently three basic solutions : ranove the precur-
-sors; prevent THM reactions or remove THMs after they have been 
formed (29)  ( 14 ) . Ozone can be used in all three solutions; however ,  
its effectiveness is not the same for all .  Theoretically, ozone can 
completely oxidize THMs, although it has been shown to be ineffec­
tive in such attempts . Ozone has been shown to prevent 'IHM forma­
tion when used instead of chlor ine as a disinfectant (28 (29)  ( 1 )  (14 ) . 
Ozonation has received considerable attention as a potential 
method of removing THM precursors .  Ozone appears to be most effec­
tive when acting as an oxidant to change the nature of the precursor 
compounds so that they no longer react with chlorine (38) ( 30) . - When 
preozonation is used (rather than- prechlor ination) along with the 
other unit processes of flocculation, sedimentation and f iltration 
several studies have shown signif icant reductions in THMs after 
post-chlorination (28 ) (41 ) ( 30 )  (29) ( 1) ( 26 )  ( 14 ) . Unfortunately, not 
all data that has been reported agree . Many instances have been 
reported in which ozonation followed by chlorination has produced 
higher THM levels than chlor ination without prior oxidation with 
ozone (28 ) ( 16 )  ( 2) ( 1) ( 26 )  ( 14 ) ) .  
It has been suggested that the THM formation potential upon 
ozonation be determined for each water supply (28 ) . When this study 
was completed current thinking seemed to be that a solution to THM 
formation problem would involve some combination of ozone and 
chlorine such as preozonation and post-chlorination 
( 28 )  (38)  ( 41 )  (30) (27 ) . 
10 
For many years, ozonation was not considered a viable treat-
rrent method based on the impression that it was not economical 
(21)  (43 ) . However, in recent years it has been shown in many in­
stances that ozone can be more economical than other treatment 
alternatives (28 )  (38)  (25)  ( 16 ) . 
The total capital and operating costs of an ozonation system 
depends on energy demand, energy costs, amount of maintenance 
required, amortization period ,  and interest rates (43 )  (16 ) . In a 
study of European treatment plants, ozonation costs ranged from 1 .  75 
to 4.0 cents per 1000 gallons in 1978 ( 28 )  (43 ) . In Monroe Michigan, 
where ozone is used to reduce odor, LePage (38 ) ( 16 ) , in 1985 report­
ed that all the benef its derived from ozonation cost each residen­
tial consumer less than a penny a day ( 38) • A nore thorough presen­
tation of specific ozonation costs at various installations has been 
reported by several authors (28 )  (41 ) (21 )  ( 17 ) . 
Costs of Ozonation 
11 
The pilot plant used in these studies was designed by DeBoe r  
and Rollag ( 4 )  and constructed by Emery Industries Inc . , Cincinnati , 
Ohio . The system includes processes for air preparation, ozone 
generation, and ozone contacting . 
A photograph of the air-preparation system is shown in 
Figure 1 .  Figure 2 includes a schematic of the air preparation sys­
tem. From this figure, it can be seen that atmospheric air is f irst 
filtered and then compressed to a pressure of 100 psig (690 KPa ) . 
According to Pulice ( 23 ) , fil tering removes 99 percent of the air­
born organisms and 0 .4 micron or larger particulates . Any moisture, 
dust, and oil present in the air are then removed as the air flows 
through a second f ilter, desiccant dryer and coalescer .  Air pres­
sure is subsequently reduced to 15 psig ( 100 KPa) , using a pressure­
reducing valve, before entering the ozone generator . The purpose of 
the air-preparation system is to ensure maximum ozone production un­
der all operating conditions . Any rooisture in the air feed can lead 
to the formation of nitric acid that can corrode electrodes, lower 
ozone production, and cause dielectric failure . 
ME'fflOOS AND MATERIAL$ 
Pilot Plant Description 
Air-Preparation System 
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Figure 2. Schem:ttic Diagram of Air Preparation System 
4�2185 
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The ozone generator was a tube-tyi:e, air-fed, water-cooled 
unit.  The unit operated at a !eM-frequency (60 Hz) , variable IXJWer 
supply voltage . A photograph of the ozone generator is shown in 
Figure 3 .  Figure 4 is a schematic diagram of the ozone generator . 
The ozone generator consisted of three 304 stainless-steel tubes 
enclosed in a water jacket. Centered inside each of the three tubes 
is a glass tube that serves as a dielectric (electrical insulator ) .  
A tubular stainless-steel screen that functions as a high-voltage 
electrode is inserted in each glass tube . A corona (continuous 
electric spark) is created in the annular space between the glass 
and steel tubes when a voltage is applied across the dielectric. 
The prepared air then enters the generation module at the prope r  
pressure of 1 5  psig ( 100 KPa) and passes through the corona . 
Heat generated by the corona is removed py circulating water 
through the jacket surrounding the three stainless-steel tubes .  The 
optimum temperature for the ozone generator is 70°F (21 . 1°C) . This 
will minimize dielectric failure, and practically el iminate 
dielectr ic warpage (23 ) . A variable modulating valve was used to 
control the water flow rate so that the operating temperature could 
be maintained at the optimum 70°F (21 . 1  °C) • 
This process caused a small percentage, typically one to 3 
percent, of the oxygen (02) in the prepared air to be converted to 
ozone (03 ) (23) . The .ozone gas was then collected and piped through 
Ozone Generation System 
15 
I 
I .  
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Figure 5 is a photograph of the contacting columns. A 
photograph of the rotaneters used to control the amount of ozona ted 
feed gas entering the contacting coltnnns is shown in Figure 6 .  A 
schematic diagram of the contacting columns is shown in Figure 7 .  
The two contact columns were constructed of 6-inch (15 . 2-cm) 
inside diameter (ID) 304 stainless-steel pipe. The columns were 
comp r ised of two 6-foot ( 1 .83-m) flanged sections, and one 2-foot 
( 0 .62-m) section. This gave a total column height of 14 feet 
( 4 . 27 m) , while the actual water height in each column was 12 .5  feet 
( 3 .81 m) . 
The ozonized feed gas was introduced into the bottom of 
both columns through porous stainless-steel diffusers . By the use 
of the rotometers and proper plumb ing, the ozone feed gas flow could 
be divided to provide the desired amount to each column . Any unused 
ozone off-gas was carried f rom the top of each contact column 
through tygon tubing to the atmosphere outside the treatment plant. 
Feed water was pumped to the top of the first column using a 
0 .5-inch ( 1 .27-an) positive displacement pump. The punp was powered 
· by a one-horsepower ( 0 .  75 KW) var iable-speed OC rotor , which 
facil itated accurate control of the pumping rate . The water flowed 
down through the f irst column, and up to the top of the secooo 
Ozone Contacting s:ystem 
Figure 5. Contacting Columns 
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colmnn through a 2-inch ( 5 . 08-an ) PIC pipe . The water flowed down 
the secooo column, then back up another 2-inch ( 5 . 08-an ) PIC pipe 
. used to control the water level in the secorxl colmnn . Since ozone 
was introduced at the bottom of each column and water at the top, 
the water and ozone gas were always flowing in a counter-current 
direction to each other . This insured good mixing of the ozone and 
water . The water was discharged to the wetwel l in the Fairmont 
treatment plant.  A photograph of the pump, rootor, and flow neter is  
presented in Figure 8 .  
Ozone production is dependent upon the tyi:e, qual ity ,  and 
flow rate of the feed gas . It is also dependent upon the tempera­
ture and pressure in the ozone generator , and finally the frequency 
and voltage of the power supply. 
Recently it has been reported qy Rakness and Hegg (24) that 
the ratio of the ozonized gas flow rate to water flow rate (G/L) is 
an important factor in ozone contactor design. It was pointed out 
that G/L ratios of between 0 .2 and 0 .5 are desirable and G/L ratios 
between 0 .5 and 1 . 0  acceptable .  When the ratios exceed 1 . 0 ,  trans­
fer eff iciencies are reduced . 
For the purpose of this study , the gas flow rate was varied 
to provide gas-to-liquid ratios be tween 0 .5 and 2 .0 .  The ozone 
Pilot Plant �ration 
Ozone Generator <;aJibration 
Figure. 8. Pump ,  1-btor, and Water Flow Meter 
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generator was maintained at a constant 70°F (21 . 1  °C)  • The generator 
pressure was held constant at 15 psig (100 KPa) , and the power 
supply was a constant 60 Hz . Thus, ozone production became primar i­
ly a function of the applied voltage. The voltage could be varied 
from 0 to 20 Kilovolts . 
During each run, a sample of the oontacting gas was oollec­
ted and the ozone concentration determined . The voltage appl ied to 
the generator was then adj usted so as to obtain the desired ozone 
dosage . 
The ot:eration of the pilot plant was based on the studies by 
DeBoer (4) . DeBoer concluded that the rrost eff icient use of the 
ozone occurred when the l iqu id depth in the contact columns.was 
14 .5-feet (4 .4-m) , the water and ozonized gas were flowing counter­
currently, and when approximately 66 pe rcent of the ozonized gas 
flowed to the f irst column and 33 pe rcent flowed to the second_ 
column . All of the gas would flow to the f irst column if only one 
column was being used. These conditions were maintained as near as 
possible during the entire investigation . However , because of the 
ceiling restriction in the Fai rmont plant, only a 12 .5 foot (3 . 81 m) 
water level could be obtained . 
The discussion of the pilot �lant operation is based on the 
following parameters def ined below . 
Operating Procedures 
0 1 = liquid (water) flow rate (gpn) 
Qg = gas (ozonized air) flow rate (scfm) 
P = ozone generator power input (watts) 
V = liquid volume in the columns (gallons) 
T = liquid detention time in columns (minutes) 
Ci = ozone concentration in ozonized air (rcg/1 ) 
D = appl ied ozone dosage (ng/1 ) 
T = V/0 1 
C. = f ( P,Q ) 1 g 
D = Ci (Oc/0 1) 
23 
( 3 )  
( 4 )  
(5)  
As shown by Equation 3,  detention time is a function of l iq­
uid volume and water flow rate. HOwever,  since the volume of the 
contact columns was held constant, detention time became a function 
of the water fl6w rate only. Using the positive-displacement ptnnp 
and the var_iable-s�ed DC motor , the water flow rate could be var ied 
from one gpn to 11 gpn ( 3  . 8  lpn to 41 .6 lpn) . The contact column 
volumes were 18 .4  gal (69 .6  liters) for one column and 36 . 8  gal 
( 139 . 3  l iters) for both columns. Therefore, using either one or 
both columns all the desired detention times of 2 .5 ,  'S, 10,  20 , am 
30 minutes could readily be attained . 
Equation 4 shows that the ozone concentration was a function 
· of the power input and air flow rates . After the pro�r air flow 
rate was selected to obtain the desired gas-to-liquid ratio, it was 
held constant throughout the studies of a particular detention time . 
24 
Therefore, the ozone concentration became a function of the power 
input only. 
Finally, Equation 5 indicates that the appl ied ozone dosage 
was a function of the ozone concentration in the ozonized air, the 
water flow rate, and the air flow rate . 
Solving Equation 5 for Ci and substituting V/T for 01 it was 
possible to obtain the following equation: 
c. = IJV/'IQ 1 g (6 ) 
However,  because V and the ozonated air flow rate were held constant 
once the desired gas-to-liquid ratio was obtained, Equation 4 could 
be simpl ified to: 
C. = K (D/T) 1 . 
where: K = constant 
( 7) 
Thus, given any __ ozone dosage and co rresponding detention tine, the 
required ozone concentration (Ci) of the ozonized air could be 
determined easily . Once Ci was determined, the ozone generator_ 
variac setting could be obtained from the generator cal ibration 
curve developed by Stoebner ( 41 ) . 
During each run a sample of the contact column off-gas was 
collected and the ozone concentration determined . Then, knowing the 
·ozone concentration in the contacting-gas and the off-gas, the ozone 
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Figure _9. Gas Washing Potties and Wet-Test Meter 
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The ozone residual in water was determined using a 
Fisher-Porter Model 17T2000 ampe rometric titrator . A 250-ml 
graduated cylinder containing 10 ml of 0 .00564 N Phenylarsine Oxide 
(PAD) was used to collect 200 ml of water for analysis.  The sample 
and PAD were then transferred to a 250-ml beaker to which 4 m1 of pH 
4 acetate buffer were added along with 1 m1 of a 5 percent KI solu­
tion. This mixture was then placed on the titrator and titrated � 
perametrically with 0 .00705 N iodine solution. The end point of the 
titration was reached when the addition of the iodine soltion caused 
a slight upward deflection of the indicating needle.  The calcula­
tions may be found in Ap�ndix B .  
A standard jar-test stirring apparatus was used for mixing . 
Square, wide-roouth, 2-liter glass j ars ( 4 . 5  in x 4 .5 in x 6 in) were 
used as containers for the mixing o�ration. A one-liter sample was 
placed in each jar .  
The chemicals and dosages used in the jar test were the same 
as used in the Fairmont water treatment plant. The altun and soda 
ash were made into stock solutions of sufficient quantity that a 
5-ml addition from the stock solution would achieve the desired 
dosage . Lire was slaked with water from the jars and then the l ine 
mixture returned to the jars. Dosages and calculations for the 
chemical additions may be found in Appendix B. 
Ozone Residual in water 









































































































































































































































































































































































with procedures in Standard Methods ( 40) Sec .  408A. Calculations 
for preparing the stock solution can be located in Apt:erxlix B .  
The chlorinated samples were stored in the dark for 30  
minutes . A 200-rnl al iquot of the stored sample was then collected 
in a 250-ml graduated cylinder which contained 10 ml of 0 . 00564 N 
Phenylarsine Oxide (PAD) . The solution was then transferred to a 
250-ml beaker where a pH 4 acetate buffer solution and a 5 percent 
potassium iodide (KI ) solution were added. The aliquot was then 
titrated amperometrically using a F isher-Porter Model 17T2000 
titrator . The titrant used was a 0 .00705 N iodine solution. The 
end point of the titration was reached when the addition of the 
iodine solution caused a sl ight upward deflection of the indicator 
needle . The calculations for de termining the chlorine de� may be 
found in Appendi� B.  
TWo 100-rnl al iquots were taken from each sample and placed 
in bottles containing a sufficient amount of sulfur ic acid (�S04 ) 
to produce a pH of 2 .  The al iquots were then stored at 4 °c until 
they could be shipped for analysis to '!Win City Testing Inc . , 
Minneapolis, Minnesota . The samples were analyzed using EPA method 
Total Organic Carbon 
600/4-79-020 Methods for Chemical Analysis of water and wastes. 
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Samples of 500-m[ volume were collected and adjusted to pH 7 
. using sulfuric acid (�so4) or sodium hydroxide (NaOH) . The samples 
were then placed in glass containers and chlorine added to obtain a 
20 ng/1 dosage . The container was then sealed and placed in a dark 
location at room temperature for the remainder of the storage 
period. The 20-ng/1 chlorine dosage and pH of 7 were used in ac­
cordance with the recoitlllEooation of Agruman (1) , Reckhow ( 26 )  , and 
Glaze (6 ) . 
Chlorine was added from a 2000-mg/1 stock solution prepared 
from 40 ml of Hilex bleach diluted to one liter . A 5-ml addition to 
the sample would produce the required 20-ng/1 dosage . The stock . 
solution was standardized in accordance with procedures in Standard 
Methods (40) Sec._ 408A. calculations for preparing the stock solu-
tion can be found in Appendix B .  
-
The Instantaneous THM ( Inst THM) concentration was deter-
mined after 0 .5 hours and the . Terminal THM (Term 'IHM) concentration 
was determined after 168 rours ( 7  days) • These tines were selected 
based on the recomneooation of Graber ( 8) and the USEPA. 
TWo, 40-ml aliquots were drawn from the chlorinated sample 
containers after the appropriate time period. The samples were then 
placed in 40-rnl vials with teflon caps. The reaction between the 
chlorine and THM percursors was halted at this tirre by placing 40 ng 
of sodium thiosulfate (Na2s2o3 ) into the vials before the aliquots 
Trihalomethanes 
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were added . The aliquots were added in such a way as to not entrap 
air in the vials.  The vials were stored at 4°C until the THM 
analysis could be performed . 
The 'IHM analyses were perfonred by Twin City Testing Inc . , 
Minneapol is, Minnesota . The aliquots were analyzed using a Tekrnar 
LCS-2 liquid sample container l inked to a Perkin-Elmer Sigma 300 gas 
chrornatrograph equipped with a Hall electroconductivity detector and 
l inked to a VG Instruments data system. Compounds were identified 
b¥ column retention time and quantified by peak area compar ison to 
those of known standards . 
The u-v absorbance was determined with a Bausch and Lonb 
Spectrophotometer 2000 using a 0 .94-inch ( 1-cm) square quartz cell 
along with a hydrogen lamp ( 254 nm) or a tungsten lamp (600 nm). 
Al iquots of 40-ml volt.nne were collected and stored at 4°C prior to 
analysis. The al iquots were analyzed at 254 nm. To account for ab­
sorbance due to turbidity, absorbance at 6 00 nm was also taken and 
subtracted from the absorbance at 254 mn. 
Wtca::Yiolet l\bsorbance 
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Ancillary studies were conducted to determine the impact of 
ozonation on flocculation, chlorine demand , ultra-violet absorbance, 
trihalanethanes, and total organic carbon at the Fairmont, Minnesota 
water treatment plant . Data relating to the turbidity, and chlorine 
demand, were evaluated statistically using the Student • s t-test, and 
Analysis of Variance (ANOIA) . The maj or objective of these analyses 
was to determine if the appl ication of ozone improved treatment, 
reduced treatment, increased or decreased the cost of treatment, or 
exerted no significant change in treatment. The results of the 
trihalanethane (THM) , am total organic carbon ('IOC) tests were not 
analyzed statistically because the excessive cost of analyses 
limited the number of samples that could be analyzed. 
Ultra-violet absorbance was measured to determine if a cor­
relation existed between u-v absorance and THM concentration. A 
high correlation would allow the· low-cost u-v absorbance analyses to 
be used as a surrogate parameter for estimating THMs which involve 
very costly analyses . 
Many researchers have concluded that ozonation can increase 
flocculation efficiency ( 11) (20) (31) . Other researchers have found 
RESULTS AND DISClJSSION 
Introduction 
Flocculation Efficiency 
that ozone can lead to lower alum requiranents (12) (20) (32) (42 ) . 
However, LePage (15) , concluded that ozone gave no significant 
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· improvement of the flocculation efficiency and that the use of ozone 
could not be justified solely on the basis_ of �roving flocculation 
efficiency . I.ePage added that ozone can be a valuable tool in the 
treatment of a water for flocculation efficiency if the ozone is al­
ready being used in that water for sane other purpose . Van 
Hout ( 43 ) ,  in his studies, showed that at different ozone dosages 
and detention times ozone could increase, decrease, or not sig­
nificantly affect the flocculation efficiency . 
TUrbidity tests were used in estimating flocculation ef­
ficiency .  Flocculation efficiency i s  considered to increase as tur­
bidity in the settled water decreases . The results of the turbidity 
tests at 1 .5 ng/1 and 4 . 0 rrg/1 ozone dosages and a 3Q-rninute deten­
tion tine are presented in Table 2 .  Table 3 includes the results of 
the ANOVA while Table 4 shows the results of the t-test for the .tur­
bidity analyses . 
The results showed statistically that a significant dif­
ference at the 95 percent level existed between the flocculated and 
the unflocculated water . This result was expected . However, sig­
nificant differences were not found between ozonated and unozonated 
water �s at either the 1 .5 mg/1 or � . 0 rng/1 dosage when water 
that was flocculated was compared to other flocculated waters . The 
sane results were obtained for the unflocculated water . From 
Table 2 .  Effect of Ozonation on Raw and Flocculated 
Water TUrbidity ( NIU) , Fairroont, Minnesota 
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Water 1 .5 mg/1 
Treatmen�· Unozonated Ozone Dosage 
4 . 0 ng/1 
















( 1 .32)  
9 . 6 
2 .5 
3 . 7 
(5 . 27)  
0 . 7 
1 . 4 
2 . 6  
( 1 .57 )  
7 .7  
5 . 4 
4 .3 
( 5 . 80 )  
2 . 3  
0 . 8  
0 . 3 
( 1 .13 )  
6 . 8  
2 .5 
3 . 4 
(4 . 23 )  
1 .6 
0 � 7 
0 .5 
( 0 .93 ) 
�· treatments -listed in the sequence in which they were supplied. 
2· indicates average value 
*results shown in Nephelometric TUrbidity Units (NTU) 
Run 1 Run 2 
2.. 









83 . 6 7958 
51 . 72000 
135 . 39958 
� �re  
11 . 95422 
3 .23250 
.f. 












0 . 00042 
4 .25042 
E 
1 .  type�· 
2 • ozone dosage
2• 
3 .  ozone dosage 
4 .  
5 .  type • floc 
6 .  ozone • floc 
7 .  type • ozone dosage • floc 
�. '!YPe = unozonated or ozonated 
2• Ozone Dosage = 1 .  5 rrg/1 or 4 • 0 ng/1 
�
- Floc = flocculated or unflocculated 
75 .97041 
0 . 02042 
1 . 08375 
2 . 34375 
1 .  Comparison of unozoned raw water and ozonated raw water . 
0 . 00 
0 . 00 
1 . 3 1  
23 . 50** 
0 . 0 1  
0 . 34 
0 . 73 
2 .  CornparisoQ of raw water ozona ted at 1 .5 ng/1 and raw water ozoned 
at 4 . 0 mg/1 . 
3 .  The interaction between the type of water {unozonated or 
ozonated) and the ozone dosage applied to the water . 
4 .  Cornpar ison of the tubidi ty of the water that was not flocculated 
and the tubidity of the water that was flocculated . 
5 .  The interaction between the type of water and whether or not a 
water was . flocculated. 
6 .  The interaction between the ozone dosage applied to a water and 
whether or not the water was flocculated . 
7 .  The interaction between the type", ozone dosage applied, and 
whether or not the water was flocculated. 
* denotes significance at 90 percent level 




Table 4. t-test of TUrbidity Results 
Compar ison 
unozonated (Run 1 )  and unozonated (Run 2 )  
ozonated (Run 1 )  and ozonated (Run 2 )  
unozonated (Run 1 )  and ozonated (Run 1 )  
uno zona ted (Run 2 )  and ozona ted (Run 2 )  
unozonated, flocc. (Run 1 )  and unozonated, f1occ. (Run 2 )  
ozonated, f1occ . (Run 1 )  and ozonated, f1occ . (Run 2 )  
unozonated, f1occ . ( Run  1 )  and ozonated, f1occ. (Run 1 )  




0 . 13 
0.03 
0 . 47 
0 . 16 
1 .24 
0 .96 
0 . 34 
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Table 2 ,  ozonation does appear to reduce the turbidities somewhat 
particularly at the 4 . 0 ng/1 dosage (27 and 18 percent) . At the 
· 1 .5 mg/1 dosage, ozone reduced the reM water turbidity slightly 
( 6  percent) , whereas, the turbidity of ozonated
_ 
raw water that was 
flocculated and settled was higher (by 19 percent) than that of un­
ozonated water subj ected to subsequent flocculation and settling . 
Thus, based on statistical analysis, ozonation at 1 .5 mg/1 or 
4 .  0 ng/1 dosages and a 3 0-minute contact tine does not aprear to ex­
ert any effect on flocculation efficiency . Although the turbidity 
data collected does indicate that ozonation might be of sane benefit 
in enhancing flocculation and reducing turbidity of raw water if 
ozonation were incorporated into the Fairmont water treatment plant, 
it is doubtful that the flocculation efficiency would be affected 
significantly . 
Ozonation has been reported to have a var iable effect on 
chlorine demand as was the case for flocculation efficiency . Some 
researchers have reported that chlorine demand has been reduced by 
the addition of ozone . ( 13) (39 )  (33). This is bel ieved to occur when 
the ozone oxidizes organic matter that would normally consume 
chlor ine . Van Hout ( 43 ) found that ozone can increase, decrease, or 
not sigifnicantly affect the chlor ine demand of the water depending 
on the ozone dosage and contact time . 
Ch1 or ine Demand 
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Table 5 shows the results of the chlorine demand test. In 
Table 6 the results of the statistical ANOVA are presented . and in 
· Table 7 the results of the t-test may be found. As indica ted in 
Table 6 ,  statistically there was a significant difference in the 
chlorine demand between reM water and flocculated water.  This 
result was probably due to the fact that same of the organic matter 
in reM water, such as algae that consume chlorine in the chlor ine 
demand test, would settle out during the flocculation process . The 
statistical analyses al so revealed that the different ozone dosages 
exerted very little influence on chlor ine demand of the water at 
Fai rmont. 
If ozonation were used at the Fairmont water treatment plant 
the cur rent practice of prechlor ination would not be needed . · This 
would reduce the need for chlor ine for predisinfection. lbwever, 
chlorine would continue to be used for the post-disinfection step to 
provide a chlorine residual in the distribution system. Acoordin9 to 
the findings reported herein, it is anticip:tted that the amount of 
chlorine required for post-chlorination would remain about the same 
as currently used . 
Total organic caroon ('IOC) is used as a measure of the 
amount of organic matter in water . Ozonation at high dosages can 
reduce the TOC present in the water by oz idiz ing some of the organic 
Total organic carbon 
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Table 6 .  Analysis of Variance of Chlorine Demand Results 
Df .Sl.un of Squares .Mean SQuare 1: Value 
· roodel 7 36 .74184 5 .24883 7 .4 8  
error 8 5 .616 05 0 .70201 
corrected total 15 42 . 35789 
� NKNA SS .f 
1 .  type1· 1 0 . 00526 0 . 01  
2 • ozone dosage.2.· 1 0 . 06376 0 .09 
1 0 .00016 0 . 00  3 .  t�. ozone 
4 .  fl • 1 36 .63276 52 . 18** 
5 .  type • floc 1 
6 • ozone • floc 1 
7 .  type • ozone • floc 1 
l.'IYPe = raw or ozonated 
2
·0zone dosage = 1 .5 rrg/1 or 4 . 0  ng/1 
�. Floc = flocculated or unflocculated 
0 . 01156 
0 .00031 
0 . 02806 
1 .  Comparison of unozonated raw water and ozonated raw water . 
2 .  Comparison of raw water ozona ted at 1 .5 rrg/1 and raw water 
ozona ted at 4 • 0 �/1 . 
3 .  The interaction between the t.y}:e of water {un-ozonated or 
ozonated) and the ozone dosage applied to the water . 
0 . 02 
0 . 00  
0 . 04 
4 • Comparison of the chlor ine demand of the water that was not floc­
culated and the chlorine demand of the water that was 
flocculated. 
5 .  The interaction between the t.y}:e of water and whether or not a 
water was flocculated. 
6 .  The interaction between the ozone dosage applied to a water and 
whether or not the water was flocculated . 
7 .  The interaction between the t.y}:e , ozone dosage applied, · and 
whether water was flocculated or not. 
* denotes significance at 90 percent level 
**denotes significance at 95 percent level 
Source 
Source Value 
Table 7 .  t-test of Chlor ine Demand Results 
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Combination t-value 
unozonated (Run 1) and unozonated (Run 2 )  0 . 11 
ozonated (Run 1 )  and ozonated (Run 2 )  0 . 04  
unozonated (Run 1)  and ozona ted (Run 1 )  0 .05  
unozonated (Run 2)  and ozona ted (Run 2)  0 .  07  
unozona ted, flocc . (Run 1 )  and tmozona ted, f1occ. (Run 2)  0 .  35  
ozonated, flocc. (Run 1)  and ozonated, flocc . (Run 2 )  4 . 16 
unozonated, flocc . (Run 1 )  and ozonated, f1occ. (Run 1)  0 . 00 
unozonated, f1occ. (Run 2)  and ozonated. f1occ. (Run 2 )  0 . 99 
4 2  
material to form carbon dioxide am water . Also, flocculation has 
been reported to produce reductions in 'IOC . ( 43 ) 
The results of the 'lOC analyses in Fairmont are presented in 
Table 8 .  The high eost of analyses irrposed a limit on the nlll'CDer of 
samples taken and the use of statistical analysis of the data. A 
comparison of TOC (organic matter in the water) concentrations of 
the raw water before and after flocculation indicates that floccula­
tion brought about a substantial reduction in rro::: . Ozonation of the 
reM water al so appeared to reduce the 'lOC content of the rCN water,  
but not to the extent of flocculation alone . Furthermore, when reM 
water was ozoned and then flocculated, the TOC after those treat­
rrents was not as low as that ootained from flocculation of un­
ozonated water . The difference was 1 .2 ng/1 ( ie 6 minus 4 . 8 ) . . 
Without a statistical analysis it is not clear if a TOC of 6 mg/1 is 
statistically different from a TOC of 4 . 8 mg/1 . From these results 
it would appear that ozonation would certainly not appear to improve 
n:x::: removal in flocculated water . It is !X)Ssible, however ,  that 
ozonation may not have much effect on TOC removal where flocculation 
is used. 
When chlorine is added to water, trihalomethanes (THMs} are 
usually formed � the reaction of chlorine with organic matter in 
the water . If ozone is used instead of chlorine, THMs will not form 
Trihalomethanes 
Table 8 .  Effect on ozona tion on Total Organic Carbon 
Fairmont, Minnesota 
43 
Water Treatmen�· Unozonated Ozonated (at 4 ng/1) 
Raw 
Raw Flocculated 
Raw OZona ted 
Raw OZonated Flocculated 
12 . 0  
4 . 8 
8 .5 
6 .0 
�· treatments listed in the sequence in which they were applied . 
*results shown in mg/1 
Total organic carbon, IJJJLI 
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because ozone does not contain any chloride ions which are essential 
for the formation of 'IHMS .  This has been one of the reasons for the 
. increasing use of ozone for predisinfection in recent years. 
If THMs are already present in the water and then ozone is 
used in an attempt to reduce or destroy these 'IHMs, very high (un­
econanical) ozone dosages are required to achieve signf iciant reduc­
tions in 'IHMs. In other words, once 'lHMs have been forrred, they are 
difficult to destroy even with ozone. 
If water is f irst subjected to ozonation, am then followed 
with chlorination, the results vary. Sometirres the resultant 'lHM 
concentrations are lower than obtained from chlorination of un­
ozonated water . ( 41 )  In  other investigations, higher THM concentra­
tions were produced, while in other studies l ittle difference was 
observed. ( 8 ) 
results . 
Three terms must be defined prior to a discussion of the THM 
1 .  Instantaneous Trihalornethane (Inst 'ffiM) Concentration is 
defined as the 'lHM concentration in the water at the IOO­
rrent of sampling. 
2 .  Terminal Trihalornethane (Term THM) Concentration is 
defined as THM concentration measured after a s�cified 
tirre J;eriod, usually 7 days . 
3 .  Trihalanethane Formation Potential (THMFP) is defined as 
the increase in THM concentration that occurs during the 
storage period in the determination on the THM 
concentrations. 
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The results of the mM studies coooucted at Fainoont are 
presented in Table 9 .  As shown in this table, when ozone is used 
instead of chlorine, no THMs are forrred. When reM water is 
chlorinated to approximate prechlorination in the Fairmont water 
treatment plant, THMs are formed within a very short time (30 
minutes) after chlorination (43 to 61 ug/1) . If this water were 
then stored for 7 days, the THM concentration would eventually ex­
ceed the EPA limit of 100 ug/1, reaching concentrations of 108 to 
200 ug/1 resulting in THMFPs of 47 to 157 ug/1 . Flocculation of raw 
water followed by chlorination appeared to retard the Inst 'IHM con­
centration but not the Term 'lHM conCentration (126 to 181 ug/1) or 
the 'IHMFP (125 to 126 ug/1 . )  
In contrast, when ozonated raw water was then chlorinated, 
or flocculated and chlorinated, Inst THM concentrations (12 to 
35 ug/1) were lower as well as the Term 'lHM concentration (56 to 
116 ug/1) . Therefore, it appears that ozonation can reduce forma­
tion of THMS resulting from subsequent chlorination. .In addition, 
if ozonation is used instead of chlorination for predisinfection, 
formation of THMs from predisinfection can be completely eliminated. 
46  




1 .5 ng/1 4 .0 ng/1 . 
Unozonated Ozone Dosage Unozonated Ozone Dosage 
Raw I 0 
Ozona ted T 0 
p 0 
Raw I 43 
Chlorinated T 200 
p 157 
Raw I 56 
Flocculated T 181 
Chlorinated p 125 
Raw I 35 
Ozona ted T 74 
Chlorinated p 39 
Raw I 18 
Ozona ted T 116 
Flocculated p 9 8  
Chlorinated 
I = Instantaneous THM concentration 
T = Terminal THM concentration 
















�· treatments listed in the sequence in which they were applied. 










Trihalomethane Fornation, ug/1 
Run 1 Run 2 
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Ultra-violet absorbance (u-V AB) has been used with limited 
· success as a surrogate (substitute) parameter for estimating 
trihalamethane concentrations in water . u-v AB. is a relatively 
simple, inexpensive analysis compared to the procedures required for 
trihalomethanes. Singer (37 )  , and Gong and Edzwald {7) have used 
U-V AB as an estimator of THM concentration with excellent results 
reporting high correlations between u-v AB and THM concentration. 
Graber, ( 8 ) on the otherhand, reported a ve� low correlation be­
tween the two and concluded that u-v AB was not a reliable predictor 
of THM concentrations for Missour i River water at Yankton, South 
Dakota . 
Table 10 shows the results of the u-v AB and THM correla­
tion. In order to use the u-v AB test, an acceptable correlation 
coefficient must be obtained. A statistically acceptable correla­
tion coefficient would be 0 .8 or higher.  As shown in the table, · no 
acceptable correlation coefficient was obtained. The reason for 
these ve� poor correlations is not readily apparent. However,  it 
is clearly evident that ultra-violet absorbance would riot be an ac­
ceptable surrogate parameter for the TERM THM test. 
ultra-violet Absorbance 
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Table 10 . Correlation Between Terminal Trihalomethane 
Concentration and Ultra-Violet Absorbance at 254 urn 
Water Treatmen�· 
Terminal 









Raw 742..  




Ozona ted 1162.. 
Flocculated 563.. 
Chlorinated 563.. 
.l. treatrnents listed in the sequence 
2-ozone dosage of 1 .5 mg/1 
J.. ozone dosage of 4 .  0 ng/1 
u-v Absorbance 
0 . 162
> 129 0 . 097 • 
0 .155
> 130 0 .106 • 
0 .066
> 046 0 . 027 • 
0 . 059
> 052 0 . 046 • 
0 . 129
> 100 0 . 072 • 
0 .102
> 083 0 .065 • 
0 . 047
> 038 0 . 029 • 
0 . 041
> 031 0 . 021 • 
Correlation 
Coefficient ( r )  
-0 .017 
-0 .202 
-0 . 334 
0 . 345 
in which they were applied 
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The cost of an ozonation system for water treatment includes 
the cost of the ozone generation equipment, the ozone contact chamr 
ber, and the annual o�rating and maintenance (O&M) costs. The cost 
estimates were prepared using cost data published by the USEPA (10) . 
This data was based on October, 1978 costs, updated to August, 1986 
costs using Record ( 5)  and Bureau Qf. 
(22 ) cost indices. The cost indices used can be found in 
Table Cl in Appendix C. 
The ozone generation system equipment costs were based on 
the assl.liTption that air would be used as the feed gas. Included in 
the generation equipment is the air-preparation equipment, ozone 
generator , dissolution equipment, off-gas recycling equipment, in­
strumentation and controls, and safety and monitoring devices . 
The estimated cost of the ozone contact tank includes a 
covered reinforced concrete chamber with a liquid depth of 18 feet, 
and a length-to-width ratio of 2 :  1 .  The chamber would be baffled to 
assure mixing of ozone and water. The entire system except for the 
contact chant>er would be housed. If a new basin would be · construc­
ted, it should have a liquid volume of about 84 , 000 gallons to 
statistics 
System Costs Estimation of Ozone 
Engineering-News 
Ozone Generation System 
t Chamber Ozone Contac 
Labor 
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provide a 30-minute contact time at the maximum flow rate of 2 , 800  
gallons per minute (gpn) . 
In the evaluation of the existing water treatmnet plant in 
Fairmont by Sindelar (36) in 1983 , it was suggested that considera­
tion be given to using certain basins in the plant for ozonation. A 
revie.w of the plant flow diagram, Appendix D, indicates that the 
present prechlorination/contact basins have a volume of 73 , 140 gal­
lons . According to Munce these basins would provide contact times 
ranging from 26 .1  minutes at the maximum plant flow of 2 , 800 gpn to 
45 .7 minutes at 1 , 600 gpn, the current average plant flow. ( 19) 
Thus, these basins would provide the volume needed to approximate 
the recornnen:ied minirntnn contact tine of 30  minutes .  Munce also 
pointed out that the feasibili� of using these basins would depend 
on their geanetry� structural condition a00 the requirements of the 
state regulatory agency. The costs of adapting existing 
prechlorination/contact tanks to an ozonation chamber would include 
the cost of a cover to seal the tank, venting, baffling and other 
miscellaneous modifications. 
For air-fed ozonation systems, the usual power demand is 
14 KW-hr/lb of ozone produced. The electrical energy requirement 
includes the cost for ozone generation and dissolution, and building 
heating, cooling, and l ighting. The current power rate for the city 
of Fairmont is $0 .043/KW-hr . 
P<Met Costs 
51 
Labor is required for �riodic repair and maintenance of 
equipnent, arrl was calculated using a cost of $10/hr . Maintenance 
materials are for periodic repair am replacement parts . A contin­
gency amount equal to 15 �rcent of the cost of the generation sys­
tem and contact chamber was also included. 
Munce ( 19 )  recomrre�ed a contact tirre of at least 30  minutes 
and ozone dosages from 0 .5 to 4 .0 mg/1 for odor control . The cur­
rent average flow rate at the Fairmont treatment plant is 1 , 6 00 gal­
lons per minute (gpn) .  The maximum flow rate of the Fairmont plant 
is 2800 gpn. Table 11 includes a surranary of the design criteria for 
the ozonation sys�em utilized in preparing the cost estimates using 
either new or existing tanks for ozone contact . 
Table 12 shows the cost estimates for the ozone facilities. 
The generation system is sized to provide a maximum output of 134 
lb/day of ozone, enough ozone for maxinmn plant flow. A new contact 
chamber is also included. The total estimated cost of the ozone 
generation system is approximately $408 , 000 while the cost of a new 
contact tank was estimated to be aliOOst $61 , 000 resulting .in a total 
estimated construction cost of about $470 , 000 . If existing 





Table 11 . SUmnary of Design Values of Ozonation Systan 
Used for Cost Estimates 
· Design Average FlCM, gal/min 
Maximtml FlCM, gal/min 
Ozone Contact Tine of Maximtnn Flow, minutes 
Using existing tank 
Using newly-constructed tank 
Ozone Contact Tank Volmne, gallons 
Using existing tank 
Using newly-constructed tank 
Ozone OUtput 
at 1 .5 ng/1 ozone dosage and ave . flow, lb/day 
at 4 .0 ng/1 ozone dosage and max . flow, lb/day 
Power Demand, KW-hr/lb of ozone 
Power Cost, $/�hr 
1 , 600 
2 , 800  
26 .1  
30 .0 
73 , 140 
84 , 000 
28 . 8  
134 . 0  
14 . 0  
0 .043 . 
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Table 12 . Estimated Construction Costs for 02onation 
Facilities, Fairmont, M�esota 
. Item 
Generation System: 






Miscellaneous (15% ) 
Total 
Contact Chamber 





Miscellaneous .( 15% ) 
Total�. 
'IDTAL ESTIMATED CONSI'RUCI'ION <DSI' 







$ 3 ,266 
9 , 979 
15, 065 
$ 52 , 944 
$60, 886 
$469, 128 






is estimated that the conversion costs would be about 50 percent of 
the cost of a new ozone contact basin. This would reduce -the total 
· construction cost by about $30, 500 making the total approximately 
$440 , 000 . It should be noted that enough .housing space be provided 
to install another identical ozone generator system in case an ozone 
dosage of 8 ng/1 is needed for odor control stability. This housing 
would cost about $14 , 000 (Table 12 )  and the generator approximately 
$350 , 000 . 
An estimate of the annual operating and maintenance (O&M) 
costs for the ozonation facilities may be found in Table 13 . This 
cost estimate is based on operation_ at an ozone dosage of 1 .5 ng/1 
for approximately 250 days each year, which is the estimated period 
when odor control is needed. The remainder of the year, a dosage of 
1 mg/1 is required for predisinfection. It can be seen from the 
table that the total annual O&M costs were estimated to be about 
$14 , 000 . 
The chemicals currently used for odor and trihalornethane 
control and predisinfection are listed in Table 14 along with their 
costs for the year 1986 • Only the chlorine and ammonia used for 
prechlorination are included. These chemicals would not be needed 
if ozonation were used for predisinfection and odor control .  A comr 
parison of the total annual estimated O&M costs in Table 13 with the 
costs of chemicals shown in Table 14 reveals that estimated 
Annual Operating and Maintenance Costs 
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ozonation O&M costs are substantially less than recent chemical 
costs for odor control . The net annual decrease in O&M costs if 
ozonation were used is estimated to be about $22 , 400 . In other 
words, the overall annual O&M costs for the Fainoont Water Treatment 
Plant would be reduced by an estimated $22 , 400 per year based on the 
chemical costs shCMn in Table 14·, if ozonation were used. 
It is customary to express water treatment costs in terms of 
the cost of treating each 1000 gallons. TO obtain these costs it is 
necessa� to express the estimated total construction cost on an 
annual-cost basis. Present interest rates for financing construc­
tion range from about 7 to 9 percent. Typical repayment periods 
recannended for water treatment plant improvement projects is 20 
years ( 18 ) • The ·annual costs presented in Table 15 were calculated 
using these values for interest rates and repayment period.  It  can 
be seen from this table that the total unit costs for ozonation · 
range from 2 .4 cents per 1000 gallons of water treated to 7 . 8  cents . 
The lowest unit cost is based on the assumption that existing basins 
can be toodified for use for ozone contacting, an interest rate of 7 
percent is secured and that the estimated costs of electrical energy 
and savings in chanicals are valid. The highest unit cost asstunes a 
9-percent interest rate, a newly-constructed contact basin is 
required and that the energy costs associated with ozonation are the 
same as the costs of the chemicals replaced by ozonation. 
Unit Costs of <aonation 
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Table 15 . Estimated Unit Costs of Ozonation Treatment, 
Fairmont, Minnesota 
Annual Repaynent of Construction Cost 
Annual 0 & M Cost 
Total Annual Estimated Cost 
cents/1000 gal 
For Construction 








Annual Repayment of Construction Cost $41 , 407 
Annual 0 & M Cost 
Total Annual Estimated Cost $55, 404 
cents/1000 gal 
For Construction 4 .9 
For 0 & M .l..1. 
Total 6 .6 
Annual R�payment of Construction Cost 
Net Annual 0 & M 
Net Annual Estinated Cost 
Annual Unit Cost for Construction 
Net Annual unit 0 & M Cost . 
Net Total Annual Unit Cost 
. 
Annual Repayment of Construction Cost 
Net Annual 0 & M Costs 
Net Annual Estimated Cost 
Annual Unit Cost for Construction 
Net Annual Unit 0 & · M Costs 
Net Annual Unit Costs . 
$44, 281 
-




$41 , 407 
-






$65 , 389 
6 .1 
L1. 
7 . 8 

















For New Construction 
Unit Costs, 
using Existing Prechlorination/Contact Tanks 
Unit Costs, 
For N£w Construction Considering Sayings 
in chemical used for Prechlorination and 
Odor Control 










As noted previously, ozonation costs in Europ! in 1978 p!r 
1000 gallons of water treated ranged from 1 .75 to 4 cents (28 ) (43 ) . 
- Converted to 1986 costs the range would be 2 .63 to 6 cents per 1000 
gallons of water treated. It would appear that the ozonation costs 
estimated for Fairmont are reasonable by this comparison. 
The following conclusions were made from the research 
previously descr�. 
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1 .  For ozone dosages of either 1 .5 mg/1 or 4 ng/1 am a contact 
titre of 30 minutes: 
a .  ozonation did not exert any significant effect on floccula­
tion efficiency based on a statistical analysis; 
b .  although no statistical effect could be shown, the da ta  in­
dicated that ozonation might be of sane bene£ it in enhancing 
flocculation and reducing the turbidity of raw water . 
c .  ozonation did not exert any significant effect on the 
chlorine demand of the rcrw ·water based on a statistical 
analysis; 
d.  total chlorine use would be reduced by the amount used for 
prechlorination if ozonation were used for odor control; 
e .  ozonation did not appear to exert an effect on the TOC (or­
ganic content) of the water; 
f. it ap�ars that ozonation can reduce the formation of 
trihalomethanes resulting from subsequent chlorination; 
g .  if ozonation is  used instead of chlorination for predisin­
fection, formation of trihalomethanes from predisinfection 
can be completely eliminated . 
mrn.us10NS 
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2 .  The ultraviolet absorbance analysis is not an acceptable 
surrogate parameter for estimating te�inal trihalamethane con­
centrations of the water used at Fairmont. 
3 .  The total estimated construction cost of ozonation facilities at 
Fairmont is approximately $47 0 , 000 ( 1986 ) . If existing 
prechlorination/contact tanks can be used, this estimated cost 
can be reduced by about $30 , 000 . 
4 .  The estimated annual operating and maintenance costs for ozona­
tion facil ities at Fai�nt is approximately $14 , 000 which is 
about $22 ,500 less than the costs of the chemicals used in 1986 
to accomplish the same objectives (predisinfection and odor 
control ) . 
5 .  The estimated total annual costs of ozonation ranged from 2 .4 to 
7 .8 cents per 1000 gallons of water treated depending upon the 
interest ·rate for the cost of construction funds, the possible 
use of existing basins for ozone contacting am the validity of 
estimated chemical savings . 
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Selected s,yntx;,1s and Abbreviation 
ANOVA = Analysis of Variance 
BLS = Bureau of Labor Statistics 
¢ = Cents 
cfm = cubic feet fer minute 
em = centimeter 
CRF = Capital Recovery Factor 
°C = degrees Centigrade 
DC = Direct CUrrent 
$ = dollars 
$/yr = dollars per year 
EPA = Environmental Protection Agency 
°F = degrees Fahrenheit 
ft = feet 
gal = gallon 
gpm = gallons per minute 
H2so4 = sulfuric acid 
Hg = Mercury 
hr = hours 
Hz = Hertz 
ID = Inside Diameter 
in = inch 
KI = Potassium Iodide 
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Selected Syn::bols and Abbreviations 
ENR = Engineering News Record 
KPa 
KW-hr 
= Kilo pascals 
= Kilovolts 
= Kilowatts 
= Kilowatt hours 















= liters per minute 
= liters per minute 
= rreter 
= Maxirnmn Contaminant Level 
= milligram 
= milligrams per liter 





= Nephelometric TUrbidity Unit 
Na2 s2 03 = sodium thiosulfate 
NaOH = sodium hydroxide 
0 2 
03 
0 & M 
= oxygen 
= ozone 




PAO = phenylarsine oxide 
psia = pounds per square inch atmospheric 
psig = pounds per square inch gage 
0R = degrees Rank ine 
rpm = revolutions per minutes 
Qg = gas flow rate 
Q1 = liquid flow rate 
scfrn = standard cubic feet per minute 
TAC = Total Annual Cost 
TOC = Tbtal Organic Carbon 
TON = Threshold Odor NUmber 
THM = Tr ihalomethane 
Inst THM = instantaneous trihalomethane 




= tr ihalornethane formation potential 
= ultra-violet absorbance 






A. Ozone Concentration: 
ci = (Wt o3 >Jv1 
where: C = ozone concentration in gas (mg/1) 
Wt o3 = Weight of ozone trapped in potassium iodide solu­tion (ng) 
= (N) (ml titrant) (24) 
where: N = normality of sodium thiosulfate titrant 
= corrected volume of gas measured by the wet-test 
meter ( liters) 
= (V2 ) (Pl/P2) (T2/Tl) 
where : v2 = actual volume of gas measured ·by the wet-test meter (liters) 
P1 = adjusted pressure = atmospheric _ pressure + wet-test meter monometer 
deflection-water vapor pressure ( from 
Figure Bl) ( inches �0) 
= inches of �0 
where: abnospheric pressure = inches Hg 
= X  (13 .6 ) 
= inches �0 
P2 = standard pressure = 1 atmosphere = 406 . 8  inches H20 
T1 = wet-test _meter temperature (0R) 
T2 = standard temperature = 536 .6 °R 
. 
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B.  Gas Flow Rate: 
Qg = 02 (P3/P4) (T3/Tl )
l/2 (T:/T3 ) 
where: Og = corrected gas flow rate_ 
(standard cubic feet/minute)  
01 = actual gas flow rate (cubic feet/minute) 
P3 = gage back pressure + barometric pressure (psia) 
P4 = Standardiz�g gauge pressure + standard pressure = 14 .7 ps1a 
T1 = ozonized air temperature (0R) 
T2 = Calibration temperature = 529 .6 °R 
T3 = Standard temperature = 536 .6 °R 
c. Applied ozone Dosage: 
D = (Ci) C0/01) 
where: D = applied ozone dosage (ng 0311 �0) 
01 = · water flow rate (cubic feet/minute) 
D.  Ozone Residual : 
OR = [ (PAD - (K) (I ) ] ( 0 . 677) 
where : OR = ozone residual by back titration in 200 rn1 sample 
(ng/1) 
PAD= volume of phenylarsine oxide place in - sample con­
tainer (10 rnl) 
K = titrant strength factor (determined daily) 
= (NI ) (NPAO) 
where : NI = normality of iodine titrant 
= approximately 0 .00705 
NPAO
= normality of phenylarsine oxide 
= 0 . 00564 
I = volume of iodine titrant (rnl)  
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E .  Chemical Dosages for Jar Test: 
ca = <<1>> (Vb) /V a 





'1> = chemical concentration used in treatment plant and 
jar test (ng/1) 
Va = volume of stock solution to be added to jar test sample (ml )  
vb = sample volume (1 , 000 rnl) + va 
Table (Bl )  • Jar Test Chemicals 
ca (ng/1) 
14 , 070 











Note: The lirre was weighed separately during each run and slaked, 
then added to the jar test sample directly . 
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F.  Chlorine Demand :  
Cld - Cla - Clr 
where: Cld = chlorine demand (ng Cl/1 �0) 
Cla = applied chlorine dosage = 6 mg/1 
= Cs (Vs)/Vc 
where: C = chlorine concentration of stock solution s (ng/1) 
-
� sample 
where : N = normality of sodium thiosulfate 
titrant = 0 .025 
ml titrant = amount of sodium 
thiosulfate used for 
titration 
ml sample = amount of stock solu­
tion used for 
titration = 5 ml 
Vs = volume of stock solution required (ml) 
Vc = volume of sample (ml) 
Clr = chlorine residual (ng CL/1 �0) 
= [ (PAD - (K) (I ) ] 
where : PAD = volume of phenylarsine oxide placed in 
sample container (10 ml) 
K = titrant strength factor 
_ (N) (ml titrant)135.45) (lOOQl 
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where: N1 = normality of iodine titrant 
= approximately 0 . 00705 
NPAO = no�ity of phenylorsine OXlde 
= 0 .00564 
I = volume of iodine titrant (ml) 
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AP�NDIX C 
Estimation of Ozonation Costs 
Asstmtptions: 
Maxirntmt flow = 2800 gpm 
Maximum ozone dosage = 4 ng/1 
Minimum detention time in contact tank = 30 minutes 
Average flow = 1600 gprn = 2 .3 MGD 
Operating dosage = 1 .5 mg/1 
Required Ozone Generation Capacity: 
( 2800 ( 60 min/hr) ( 24 = 4 . 0 MGD 
1 X 106 
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Generation capacity = ( 8 .34 ) ( 4 . 0  MGD) (4 .0 mg/1) =133 .4 lb/day 
Required Contact Tank Volume: 
Voltnne = (2800 gprn) (30 min) = 84, 000 gallon 
Volume -= 84 ,
000 = 11 , 230 ft3 
7 . 48 gal/ft3 
Required Electrical Energy at Operating Conditions: 
Ozone Generated = ( 8 .34)  (1 .5  ng/1) (2 .3  MGD) = 28 .8  lb/day 
Ozone Generated during Winter = ( 8 .34)  ( 1 . 0  mg/1) (2 .3 
MGD) =l9 .2 lb/day 
Electrical Energy = ( 14 KW-hr/lb) [ (28 -. 8  lb/day) (250 day) _ 
+ ( 19 .2  lb/day) ( 115 day) ] 
= 131 ,712 KW-hr 




Tbtal Electrical Energy = 131 ,712 �hr + Electrical Energy required 
for the building (from EPA tables) 
= 6 , 6 06 �hr 
Tbtal Electrical Energy = 138 , 3 18 KW-hr 
Computations of Tbtal Annual Costs : 
TAC = Annual Repayment + 0 & M 
where: Annual Repayment = (CRF) (Tbtal Construction Cost) 
where: CRF = Capital recove� factor from 
reference (9 )  
Canputations of Cost per 1000 gallons: 
O & M 0 & WlOOO gal = 1000 [ ( 2 , 300 , 000 gal/day) (.365 
TAC 'Ibtal Annual Cbst/1000 gal = 1000 [ ( 2 , 300 , 000 gal/day) ( 365 day/yr) ] 
day/yr) ] 
Table Cl . Index Values for Converting to Present Day 
Cost Estinates 
79 . 
Index Values Correction 
Cost Component Cost Index Oct . 1978 . Aug . 1986 Factor 
Excavation and ENR 247 . o  390 .0  1 .5 8  
Sitework Skilled Labor 
Manufactured BLS Gen. Purpose 
Equipnent Mach. & Equip. 221 . 3  326 .6 1 .48  
Concrete BLS Concrete 
Ingredients 221 .1  338 .7 1 .53 
Steel BLS Steel Will 
Products 262 .1  349 .3 1 .3 3  
Installation ENR Skilled 
Labor 247 . o  390 .0 1 .5 8  
Housing ENR Building 
Costs 254 .76 368 .84 1 .45 
Maintenance BLS Finished 
Materials Goods 199 .7 288 .3 1 .44 
ENR = Engineering NE.ws Record 
BLS = Bureau of Labor Statistics 
























$ 1,463  










1 .33  
1 .58 




13 , 6 07 
354, 993 
$408 , 242 
$ 3 , 266 
9 , 97 9  
15, 065 
24, 6 34 
52, 944 
$. 60 ,886 
'IDTAL ES!'IMATED CX>NSI'RUCI'ION cnsr $46 9 , 128 
OPERA TIKi AND MAINrENANCE CX>Sl'S: 
Mainten. Materials $ 1, 770 
Electrical Energy 
( 138 , 3 18 �-hr) *  
( $0 .043/�-hr) 
Labor ( 500 hr) *  
( $10/hr) 
'.IDTAL o & M oosrs 
1 .44 $ 2 ,549 
5 , 948 
$ 13 , 997 










water Treatment at Faimpnt, Minnesota 
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The existing water treatment plant in Fairmont was construc­
ted over a number of years with separate �rovements made to it at 
different times . The source of water for the city of Fainmont and 
this plant is Budd Lake . This lake is fai rly small and very susce};r 
tible to environmental influences . 
In 1978, a new intake line and wetwell were added to the 
plant along with two new intake pumps. The new line was extended a 
greater distance into the lake to obtain better quality water during 
periods when water levels in the lake are low. At the same time, a 
groundwater supply well was contructed. This well is used only as a 
backup for the water supply from Budd Lake . 
It has been· stated that the Fainmont water treatment plant 
has a maximum capacity of 4 . 5 K;D, however the actual cur rent maxi­
rntnn operating capacity is 4 .0 KiD .  The plant is presently capable 
of operating at 3 pumping rates : 1600 gpm ( 2 . 3 MGD) , 2400 gpm ( 3 . 5  
f.G:>) , or 2800 gpm ( 4 . 0  K;D) . 
A schematic layout of the treatment plant is shown in 
Figure Dl . Table Dl contains a l ist of the volumes and detention 
times of each basin at the specified flow rates . After reM water is 
pumped into the plant, it flows through a microscreen to remove 




small particles and algae . The water then passes to a contact basin 
where activated carbon, alum, arraoonia, and sometimes potassium 
permanganate are added . The water then flows into the prechlor ina­
tion basins . 
At this point the flow can be divided into 3 separate flow 
streams each having its own mixing basin where lime, soda-ash, 
polyphosphate, and p::>ssibly a coagulant aid are added. Each stream 
also has its own flocculation and settling basins . Streams 1 and 2 
can each handle approximately 25 percent of maximum flow, while flow 
stream 3 can accommodate the other 50 percent. 
After settling, the 3 flow streams are recombined and direc­
ted to a recarbonation basin where carbon dioxide is added · to lower 
the pH. Following this step the water flows to the 3 rapid sand 
filters . The filtered water is then chlorinated, fluor idated and 
discharged to the clearwell .  The clearwell serves as temporary 
storage, and a contact basin for the chlorine and fluor ide . From 
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Table Dl . Volumes am Contact Tines for Each Basin at the 
Three �rating Rates, FaiDOOnt Water Treabnent 
Plant 
Volume 1600 gpm 2400 gpm 280 0  gpm 
Basin (gallons) 
A: Wetwell 33, 420 20 .88 13 .92 11 . 94 
B: Raw Water Inlet 11, 907 7 .44 4 .96 4 . 25 
C: Microstrainer 15, 020 9 . 39 6 .26 5 . 36 
D: Chemical Feed 32, 366 20 .23 13 .49 11 .56 
E :  Contact Basin 10,034 6 .27 4 .18 3 .58 
F :  Prechlorine Feed 13 ,580 8 . 49 5 .66 4 . 85 
G: , H: Chlorine 36 ,570 22 . 86 15 .24 13 .06 
Contact (each) 
I :  Chlorine Contact 3 0 , 818 ·3 0 .52  25 .68 
J :  ,K: Chlorine 37, 026 46 .28 
Contact {each) 
L:  Rapid Mix 19 , 493 24 .36  16 .24 -
M: , N: Rapid Mix 10,771 13 . 46 
{each) 
0: Slow Mix 45, 628 57 .04 38 .02 
P: , Q: Slow Mix {each) 27 , 152 3 3 .94 
R: Clarifier 160 , 222 200 .28  133 .52 . 
S: , T: Clarifier 127 , 16 0  158 .95 
(each) 
U: Recarbonation 101, 286 63 . 3 0  42 .20 36 . 17 
Basin 
V: ,W: ,X :  Filters 32, 770 2 0 . 4 8  13 .65 11 .70 
{each) 
Y: Clearwell 640 , 000 6 .67 hrs. 4 .4 hrs . 3 . 8 hrs . 
Detention Tine At Flow Rates <Minute} 
800 gpm 1200 ggn 
